In this issue of Neuron, Mure et al. (2016) demonstrate that two mechanisms-phosphorylation of a C-terminal intracellular region, and mechanism involving the whole of the C terminus-oppositely shape the kinetics and sensitivity of the nonvisual photoreceptor melanopsin.
this motor to the axon tip? One possibility is that the slow motion of dynein is related to its functionality in axon during transit. In that regard, SCb-dynein appears to be active, binding to microtubules in an ATP-dependent manner (Dillman et al., 1996b) and perhaps mediating axonal transport of short microtubules (He et al., 2005) . Dynein is one of the most versatile motors known in biology, with many diverse roles, and it remains possible that this motor performs other, yet unknown roles as it slowly meanders along the axon. For instance, speculatively, the activated dynein, when free from the anterogradely bound kinesin in the ''kinesin limited'' model, might assist ongoing retrograde transport of vesicles. In principle, slow transport could provide a local pool of ''on-board'' active dynein molecules all along the length of the axon, making the overall retrograde transport more efficient (perhaps also helping to overcome potential transport blocks).
Unlike fast transport, where the basic mechanistic unit is clear (microtubulemotors-vesicles) and the field has moved on to dissect regulatory components, the arena of slow transport is riddled with mysteries. Despite the fact that slow transport is an established phenomenon, discovered over half a century ago, even the very basic tenets of this motion remain unclear. With the advent of new ways to visualize this motion and the development of model systems that can look at this motion at both the meso-and microscale, perhaps we can hope that some of these unknowns will be resolved in the near future.
In 1980, Ebihara and Tsuji demonstrated that C3H mice-which are visually blind from the rd1 mutation in Pde6b gene, causing severe outer retinal degeneration-could still synchronize their behavioral circadian rhythms to light:dark cycles as dim as 1 lux (Ebihara and Tsuji, 1980) . Since enucleated animals cannot entrain their rhythms to lighting cycles, these results suggested the presence of a novel photoreceptor in the eye, which is spared in outer retinal degeneration. In 2002, Berson and colleagues discovered a novel class of photoreceptors, the intrinsically photosensitive retinal ganglion cells (ipRGCs), which mediate circadian entrainment (Berson et al., 2002) . These cells were shown to express melanopsin, a then-orphan opsin expressed nearly exclusively in this small subpopulation of retinal ganglion cells. Melanopsin-driven light responses in ipRGCs underlie a wide range of behavior and physiology, including circadian entrainment, the pupillary light response, negative phototaxis in neonatal mice, and retinal vascular development, among others (Hattar et al., 2003; Johnson et al., 2010; Panda et al., 2002 Panda et al., , 2003 Rao et al., 2013) .
The opsin photoreceptor family has two major branches: the ciliary opsins (such as mammalian rod and cone opsins) and the rhabdomeric opsins (canonically the insect and invertebrate opsins expressed in compound eye rhabdomeres). The photocycle for the two classes differs substantially. In ciliary opsins, isomerization of the retinaldehyde chromophore from cis to trans leads to a short-lived signaling state (activating the G protein transducin); the retinaldehyde chromophore then dissociates from the apo-opsin, which is also phosphorylated by rhodopsin kinase, allowing arrestin binding and leading to rapid signal termination. (Signal termination is additionally accomplished at the G protein level by the regulator of G protein signaling [RGS] system.) The retinal chromophore is reisomerized in other cells of the retina and returned to the opsin. The result is a photoreceptive system with rapid signaling onset, substantial amplification, and rapid termination well suited for dynamic vision, including under dim light, but one subject to bleaching or exhaustion of pigment due to need to regenerate chromophore. By contrast, the rhabdomeric opsins covalently and irreversibly bind their chromophore. Initiation of signaling also occurs by light-mediated isomerization of cis to trans retinaldehyde and G protein activation, but in rhabodmeric opsins the chromophore does not dissociate. The pigment is reset either by thermal relaxation in dark or by absorption of a second photon by the trans form of the pigment. As a result, rhabdomeric photopigments are highly resistant to bleaching but have substantially slower kinetics, particularly off-kinetics. These pigments are well suited to ''photon counting'' or integration tasks where rapid dynamics are not needed. Circadian entrainment is an integrative phenomenon, and so melanopsin appears well suited to contribute to this physiology.
Although substantial progress has been made in understanding melanopsin's intrinsic photocycle (Emanuel and Do, 2015) , very little has been learned as to the molecular events that mediate signal termination for this opsin. Studies of heterologously expressed melanopsin in Xenopus oocytes suggested that arrestin binding alters response characteristics of the pigment, but no demonstration of the molecular mechanisms of inactivation has been elucidated to date (Panda et al., 2005) . In the current issue of Neuron, Mure, Hatori et al. use a technical tour-de-force combination of in vitro and in vivo analyses to characterize the role C-terminal phosphorylation of melanopsin plays in shaping its signaling characteristics (Mure et al., 2016) .
In the current work, Mure et al. (2016) have identified two domains of melanopsin's intracellular C terminus that contribute to its rate of deactivation, peak firing rate, and sensitivity. The first is a domain (aa 380-397) with nine conserved potential serine/threonine phosphorylation sites (see Figure 1) . As the researchers mutated successive sites to the nonphosphorylable amino acid alanine, a proportionate hyperactivity of melanopsin-expressing cells was observed. Likely this is due to reduced arrestin-mediated deactivation. Using virally mediated gene transfer in mouse retinas, the investigators were able to produce mice in which all nine phosphorylation sites in the C terminus' S/T domain were mutated (Opn4
9A
). The ipRGCs of these retinas showed accelerated kinetics and large responses to short durations of light which were insufficient for activation of wild-type melanopsin. ), menalopsin had an accelerated deactivation rate. This caused cells to cease firing faster after a stimulus but also allowed cells to increase firing rate linearly with light intensity. These two domains thus specify functional regions for shaping and regulation of response kinetics for this nonvisual photoreceptor.
However, due to the reduced deactivation rate in Opn4 9A -expressing retinas, these cells continued to fire action potentials long after the cessation of a light stimulus. The duration of the prolonged firing was linearly proportional to the intensity of a 1 min light stimulus up to the maximum intensity tested. Again, the authors hypothesize that phosphorylation of this region of the protein is critical for regulated binding of arrestin, which deactivates and internalizes opsins of multiple classes including melanopsin (Panda et al., 2005) .
The second critical protein domain identified in this work is the remaining portion of the C terminus (aa 397-521). When all amino acids downstream of the S/T-rich domain were deleted (Opn4
397D
), Mure et al. (2016) -expressing retinas continue to increase firing rate in a linearly proportionate relationship to light intensity, which may be a result of the fast deactivation allowing the receptor to be recycled and reactivated at an accelerated rate. Thus Opn4 397D acts more as a photometer that switches off with darkness than a wildtype melanopsin. The authors propose that the long C-terminal tail of wild-type melanopsin delays deactivation by steric hindrance. Perhaps future work will elucidate whether other specific residues and domains in the C terminus contribute to the delayed deactivation of melanopsin or whether the tail's length alone is sufficient for the effect. The sequence homology between mouse, rat, and human of the C terminus is fairly strong until the last 20 amino acids, suggesting specific residues may mediate this effect (Pires et al., 2009 ). In the mouse retina (and possibly human as well), there is also a naturally occurring alternate isoform of melanopsin arising from alternative splicing, in which the C terminus is truncated by 55 amino acids (Pires et al., 2009) . Future studies could provide details on whether these alternate isoforms indeed have different deactivation rates, as would be predicted by the current work. Together, these two domains contribute to the specific characteristics necessary for native melanopsin function. For example, the prolonged activation during and after light exposure allows for the sustained constriction of the pupil in bright light without fast dilation for each passing shadow. Indeed, when Mure et al. (2016) examined the pupillary light response in mice expressing mutant Opn4 proteins, the Opn4 9A (slow deactivation) mutants remained constricted longer than wild-types when the light switched off. Conversely, the Opn4 397D mutation (fast deactivation) released constriction much faster than wild-type Opn4. Different subtypes of ipRGCs have substantially different response kinetics ex vivo (Schmidt et al., 2011; Tu et al., 2005) . It is possible this is shaped in part by cell-type-specific regulation of melanopsin inactivation through these C-terminal mechanisms. In the current work, Mure et al. (2016) offer the first in vivo analysis of the structurefunction relationships that underlie the unique physiology of melanopsin-based nonvisual photoreception.
